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We report the first observation of the line shape of the Λ(1405) from electroproduction, and show
that it is not a simple Breit-Wigner resonance. Electroproduction of K+Λ(1405) off the proton was
studied by using data from CLAS at Jefferson Lab in the range 1.0 < Q2 < 3.0 (GeV/c)2. The
analysis utilized the decay channels Σ+pi− of the Λ(1405) and ppi0 of the Σ+. Neither the standard
(PDG) resonance parameters, nor free parameters fitting to a single Breit-Wigner resonance repre-
sent the line shape. In our fits, the line shape corresponds approximately to predictions of a two-pole
meson-baryon picture of the Λ(1405), with a lower mass pole near 1368 MeV/c2 and a higher mass
pole near 1423 MeV/c2. Furthermore, with increasing photon virtuality the mass distribution shifts
toward the higher mass pole.
PACS numbers: 13.40.-f, 13.30.Eg, 14.20.Jn, 14.20.Gk
I. INTRODUCTION
The continued study of excited baryons is needed to
refine our knowledge of QCD. Probing states with pecu-
liar properties is of particular interest toward this goal.
One such object is the Λ(1405), which has the quantum
numbers I(JP ) = 0(12
−
), mass m = 1405.1 MeV/c2, and
full width Γ = 50 MeV/c2 according to the Particle Data
Group (PDG) [1]. It was first predicted by Dalitz and
Tuan [2, 3] as a quasi-bound NK¯ state that decays to
Σpi, and was first observed by Alston et al. [4] in 1961.
A quark model for the spectrum of baryons with a
non-relativistic harmonic oscillator potential and spin-
spin hyperfine interaction between the quarks was pro-
posed by Isgur and Karl [5, 6, 7]. This model repro-
duced all the observed P -wave negative parity resonances
well, except for the Λ(1405). The mass of the Λ(1405)
was predicted around 1490 MeV/c2, leaving a discrep-
ancy of about 80 MeV/c2. The model was extended
to include relativistic dynamics by Capstick and Isgur
[8] but this mass discrepancy remained. Following an
earlier paper by Oller and Meißner [9], Jido et al. [10]
used a chiral unitary formalism to describe the Λ(1405)
as a composite of two dynamically generated I = 0
poles, at mlow0 = 1.390 + i0.066 GeV/c
2 and mhigh0 =
1.420 + i0.016 GeV/c2. Hence the key conclusion of this
approach is that the mass distribution, or “line shape”
of the Λ(1405) is formed by two poles in the complex
energy plane instead of one resonance. The higher mass
pole couples more strongly to NK¯, while the lower mass
pole couples more strongly to Σpi. Furthermore, the line
shape is expected to depend upon which reaction channel
excites it. For a recent review of the extensive literature
on baryonic systems within the chiral unitary framework,
see Ref. [11]. There are several other detailed predictions
for the parameters that characterize the poles making up
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FIG. 1. The presumed primary diagram for electroproduction
of the Λ(1405) at the kinematics of the present experiment.
the Λ(1405) mass region, for example Refs. [12–16]. One
finds that theory is not in agreement about where these
poles sit.
The most extensive experimental study of the Λ(1405)
mass region used real photoproduction with data from
CLAS/JLab [17, 18] and also LEPS/SPring-8 [19, 20].
Support for a strongly distorted line shape was found,
possibly consistent with two I = 0 poles, as well as ev-
idence for interference with I = 1 components of the
reaction mechanism. Further recent results came from
pp collisions at HADES/GSI [21] and COSY/Ju¨lich [22].
Low-statistics bubble-chamber hadronic beam data exist
for K−p [23], K−D [24], and pi−p [25] reactions. Each
case seems to show variations in the mass distribution of
the Λ(1405). To date there is no theoretical work giving
any prediction for electroproduction of the Λ(1405). The
line shape seen in electroproduction could reveal features
not seen in other production channels. The virtual pho-
ton exchanged in electroproduction (Q2 > 0) may couple
differently to the Λ(1405) than the real photon (Q2 = 0).
Therefore the present study represents an exploration of
an unknown corner of Λ(1405) phenomenology.
Figure 1 shows the presumed main contribution to the
Λ(1405) electroproduction. Normally, K-nucleon scatter-
ing cannot produce this state since it lies below threshold.
However, the off-shell nature of the exchanged strange
meson allows the reaction to proceed. The electron scat-
3FIG. 2. (Color online) Missing mass of e−K+ppi− versus miss-
ing mass of e−K+pi− from data. The strong central peak
contains the Σ+pi0 events selected for analysis.
tering process is characterized by the four-momentum
transfer Q2, but this is one step removed from the four-
momentum of the exchanged kaon, t. At our kinematics
−t covers the range from 0.5 to 4.5 (GeV/c)2.
This work analyzed data from the “e1f” run in Hall
B at Jefferson Lab collected using the CLAS spectrome-
ter [26]. It utilized a 5.5 GeV electron beam and a liquid
hydrogen target. The Λ(1405) decays solely to Σpi ac-
cording to the PDG [1]. The decay channel used in this
analysis was Σ+pi− for the Λ(1405) and ppi0 for the Σ+.
Therefore, the final detected particles were the scattered
electron e− and the K+, p, and pi−, while a pi0 was miss-
ing for the exclusive electroproduction of the Λ(1405).
Thus, events with exactly these four charged particles
were selected.
The data analysis is described in Sec. II, followed by
presentation of the results in Sec. III. The results are
discussed and summarized in Sec. IV. Note that a pre-
liminary version of this analysis was published previ-
ously [27].
II. DATA ANALYSIS
The missing mass of e−K+ppi− versus the missing mass
of e−K+pi− is shown in Fig. 2. The missing pi0’s and Σ+’s
are clearly seen near the center of Fig. 2. A selection
was made by requiring the missing mass of e−K+ppi−
between 0.05 and 0.25 GeV/c2 and the missing mass of
e−K+pi− to lie between 1.140 and 1.240 GeV/c2. The Q2
range of significance, after the selection, was from 1.0 to
3.0 (GeV/c)2. The Σ+pi− hyperon mass spectrum that
results from computing the missing mass from the e−K+
pair is shown in Fig. 3. Two ranges of Q2 are shown,
from 1.0 to 1.5 (GeV/c)2 in Fig. 3(a), and from 1.5 to
3.0 (GeV/c)2 in Fig. 3(b). No acceptance correction or
background subtraction have been made at this stage. A
bump in the Λ(1405) region and the Λ(1520) peak are
clearly visible.
FIG. 3. Number of counts plotted versus the missing mass of
e−K+ without either acceptance corrections or background
subtraction for (a) 1.0 ≤ Q2 ≤ 1.5 (GeV/c)2, and (b) 1.5 ≤
Q2 ≤ 3.0 (GeV/c)2.
The background is mostly from non-resonant electro-
production of K+Σ+pi− and resonant K∗0Σ+, where the
K∗0 decays into K+ and pi−. These background reac-
tion channels were simulated using the CLAS standard
simulation package GSIM based on GEANT [28]. Events
were generated according to a phase space distribution.
The invariant mass of K+ and pi− was fitted with simula-
tions of the two background channels. The total fit to the
data set, with contributions from K∗0Σ+ and K+Σ+pi−,
is shown in Fig. 4. The K∗0 background contribution to
the combined simulated background channels was deter-
mined from this fit. This fixed ratio was used in subse-
quent fits to the line shapes in the hyperon mass region
of interest.
A third production channel leading to the same final
state particles is electroproduction of Σ∗0(1385) decay-
ing to Σ+pi−. This contamination was measured by ex-
tracting the yield of the Σ∗0(1385) decaying through its
dominant Λpi0 channel (branching fraction 88%). This
yield was rescaled to Σ+pi− decay (6%) and modified by
the computed respective acceptances. The contamina-
tion from Σ∗0(1385) was thereby measured to be smaller
than the statistical fluctuation in each bin and there-
fore negligible. The estimated yield of Σ∗0(1385) and
the measured yield of Σ+pi− are shown in Fig. 5. The
4FIG. 4. (Color online) Invariant mass squared of K+pi−.
Points with error bars are measured data, the matching (red)
line is the total fit to the data with two background simu-
lations. The (green) line at the bottom is the simulation of
K∗0Σ+, and the upper (blue) line is simulation of K+Σ+pi−.
FIG. 5. (Color online) Estimated rescaled yield of the Σ∗0
contamination shown in red (lower points) and missing mass
of e−K+ in black (upper points). The upper points are the
sum of the yields from Fig. 3. The histogram is on a log scale
to make the Σ∗0 contribution visible.
histogram has a logarithmic scale to make the estimated
yield visible.
The acceptance correction was performed using the
simulation of non-resonant three-body phase space
K+Σ+pi−. The generated and accepted events were
binned in a four dimensional space of the independent
kinematic variables, namely Q2 (1.0 to 3.0 (GeV/c)2),
W (1.5 to 3.5 GeV), the missing mass of e−K+, and
cosine of the kaon angle in the center-of-mass frame of
K+Σ+pi−. Another kinematic variable φ, which is the
angle between the production plane characterized by K+
and the scattering plane characterized by the scattered
e−, was not binned. This amounts to the assumption that
σLT and σTT , the longitudinal-transverse and transverse-
transverse interference structure functions, are small in
this reaction. The dependence on this φ distribution
was studied and the systematic uncertainties were ob-
tained as follows. The phase-space generated Monte-
FIG. 6. Acceptance-corrected yield versus the missing mass
of e−K+ for (a) 1.0 ≤ Q2 ≤ 1.5, and (b) 1.5 ≤ Q2 ≤ 3.0
(GeV/c)2.
Carlo events already match the measured data distribu-
tions in Q2, W , and particle momenta well. Furthermore,
an improved matching to data was achieved by selecting
events in e−K+ missing mass and φ to tailor the Monte-
Carlo distributions used in computing the acceptance.
An acceptance factor was calculated bin by bin in order
to reduce bin-averaging effects. The corrected hyperon
yield is shown in Fig. 6, where Fig. 6(a) is for Q2 from
1.0 to 1.5 (GeV/c)2 and Fig. 6(b) for Q2 from 1.5 to
3.0 (GeV/c)2. The statistics in these two Q2 regions
are comparable. The rightmost peak in both figures is
the Λ(1520). A peak around 1.42 GeV/c2 and another
broader peak at the lower invariant mass in Fig. 6(b)
are not consistent with the PDG values for the Λ(1405)
[1]. However, neither peak is seen clearly in the lower Q2
range (Fig. 6(a)).
III. RESULTS
The higher Q2 range distribution from Fig. 6(b) was
fitted with the simulated background, the Λ(1520) and
various assumptions about the Λ(1405). The results are
shown in Fig. 7. The black points with error bars are the
acceptance-corrected results. The shadowed histograms
along the bottom show the estimated systematic uncer-
5tainty in each mass bin. The systematic band was ob-
tained by varying the selection of events (see Fig. 2),
the acceptance distribution in φ, and the acceptance in
the hyperon invariant mass line shape (missing mass of
e−K+). Correlation between systematic uncertainties
and statistical fluctuations happens very often in low-
statistics experiments. This appears clearly in the lower
invariant mass region. An empirical smoothing process
to separate the fluctuations from the estimated system-
atic uncertainties was implemented. Quantitatively, the
systematic uncertainties were obtained from the follow-
ing three analysis variations.
1. The range of the event selection was narrowed
to between 1.155 and 1.225 GeV/c2 around the
Σ+ and to between 0.06 and 0.24 GeV/c2 around
the pi0. The resulting variations in yields were
smoothed by fitting the relative uncertainties to an
empirical smoothing function in the lower invariant
mass region. The resulting uncertainties were less
correlated to the statistical fluctuation and closer to
the pure systematic uncertainties. This contributed
about 45% to the total bin-to-bin systematic uncer-
tainty.
2. The phase-space Monte-Carlo distribution of events
in φ matched the data fairly well. But an exact
matching was enforced by accepting Monte-Carlo
events selectively. A similar smoothing process was
applied to the differences of acceptance-corrected
yields between a uniform phase-space distribution
and the matching distribution. The resulting dif-
ferences contributed about 35% to the total sys-
tematic uncertainty.
3. The phase-space Monte-Carlo line shape of the hy-
peron invariant mass was modified to match exactly
the observed line shape. The differences between
the phase space distribution and the distribution
that was closely matched to measured data were
smoothed by averaging the neighboring bins. This
systematic difference contributed about 20% to the
total bin-to-bin systematic uncertainty.
The overall systematic bin-to-bin uncertainty shown in
Fig. 7 was achieved by adding all pieces together in
quadrature. The relative changes in strength between
the observed peaks and the distortions of the peak shape
due to radiative effects are small in comparison to the
precision of these results. Hence radiative corrections
were not performed.
In Fig. 7 the resonances are computed as incoherent
relativistic Breit-Wigner functions of the form
BW (m) ≈ 1
2pi
4mm0Γ(q)
(m2 −m20)2 + (m0Γ(q))2
. (1)
In Eq. 1, Γ(q) = qq0 Γ0, m0, and Γ0 are fit parameters, q
is the momentum of pi− in the hyperon rest frame, and
q0 is value of the q when m = m0.
FIG. 7. (Color online) Fits of the missing mass of e−K+
for 1.5 < Q2 < 3.0 (GeV/c)2. Points with error bars
are measured data, solid (red) lines are overall fits, dash-
dotted (green) lines around 1.52 GeV/c2 are from the Λ(1520)
simulation. The dashed (blue) lines are from the Λ(1405)
simulation parametrized by PDG values (a), by one rela-
tivistic Breit-Wigner function (b), and by two relativistic
Breit-Wigner functions (c). The dotted (purple) lines show
the summed background contributions. The shadowed his-
tograms at the bottom show the estimated systematic uncer-
tainty.
As seen in Fig. 7(a), a fit using a single Breit-Wigner
line shape with PDG parameters gives a very poor repre-
sentation of the data. The fit includes the summed back-
ground contribution, simulation of Λ(1520) electropro-
duction, and simulation of a Breit-Wigner “resonance”
6parametrized with the PDG values of the Λ(1405). In
Fig. 7(b), an alternative fit released these parameters
from their PDG values. Also in this case, the freely-
fitted Breit-Wigner is a poor fit to the data. In Fig. 7(c),
we allowed the Λ(1405) to be represented as two inco-
herent Breit-Wigner peaks. The best fit result gives the
two peak positions at mhigh0 = 1.423±0.002 GeV/c2 and
mlow0 = 1.368 ± 0.004 GeV/c2, where the uncertainties
include only the fit errors. This fit is clearly superior
to the other two. The best-fit χ2 per degree of freedom
was 1.31 (Fig. 7(c)) compared to 3.12 (Fig. 7(a)) and
2.97 (Fig. 7(b)), respectively. A fit with two coherent
Breit-Wigner line shapes was also tested, resulting in a
χ2 per degree of freedom 1.43, similar to the best fit and
qualitatively the same.
Next, the acceptance-corrected yield was produced for
seven Q2 ranges, where the upper limit was fixed at
3.0 (GeV/c)2 and the lower limits were changed in steps
from 1.0 to 2.2 (GeV/c)2, as shown in Fig. 8. Fig-
ure 8(a) shows the data for 1.0 ≤ Q2 ≤ 3.0 (GeV/c)2
and Fig. 8(g) for 2.2 ≤ Q2 ≤ 3.0 (GeV/c)2. The his-
tograms were fitted with two relativistic incoherent Breit-
Wigner functions, allowing only the amplitudes to vary
from range to range, while the centroids and widths
were common to all. This combined fit extracted the
two peak positions mhigh0 = 1.422 ± 0.002 GeV/c2, and
mlow0 = 1.365 ± 0.002 GeV/c2, with a χ2 per degree of
freedom of 1.44. These values are consistent with the fit
in Fig. 7(c), though we note that the error bars in this
overall fit are correlated. It can be seen that the rela-
tive strength of the Breit-Wigner centered at mhigh0 is
increasing with increasing Q2 compared to the one cen-
tered at mlow0 , while staying comparable in strength to
the Λ(1520). This variation in relative strength with in-
creasing Q2 is reminiscent of the expectation in chiral
unitary models that coupling to the two poles should de-
pend on the coupling to the initial state. However, no
model has attacked the question of whether such a vari-
ation can be related to the Q2 of a virtual photon.
The stability of these fits was tested by first adding
and then subtracting the systematic uncertainty (shad-
owed histograms) from the corrected yields. The fits
were repeated on the modified yield distributions. The fit
with two incoherent Breit-Wigner functions still showed
the best result in terms of reduced χ2. This shows that
the two-pole interpretation of our data remains the best,
given the estimated systematic uncertainties.
IV. DISCUSSION AND CONCLUSIONS
The acceptance-corrected spectrum is qualitatively
similar to an early result from a bubble chamber ex-
periment by Braun et al. [24] for the reaction K−D →
Σ−pi+p. Jido et al. [29] proposed the line shape as com-
ing from interference of the I = 1 Σ∗(1385) and an I = 0
pole at 1424 MeV/c2. However, our electroproduction
work measured the amount of Σ∗0(1385) and found neg-
ligible contribution, as shown previously in Fig. 5. The
expected yield of Σ∗0(1385) is much smaller than the sta-
tistical fluctuation of the observed statistics. In addition,
any interference between the Σ∗0(1385) and the Λ(1405)
should vanish in this line shape. The reason is because
the final line shape stems from integration over all decay
angles. The Σ∗0(1385) decays into Σpi in P -wave, and
the Λ(1405) decays in S-wave. The distributions are or-
thogonal to each other and vanish after integrating over
angles. Thus, we conclude that the whole of the measured
background-subtracted distribution below the Λ(1520) is
due to the so-called Λ(1405).
It has been shown in photoproduction (at Q2 = 0)
that the structure of the Λ(1405) region is complex. Not
only does the NK¯ channel-coupling strongly distort the
Breit-Wigner line shape used to represent the Λ(1405),
but there is also a significant I = 1 component to the re-
action mechanism that is not coming from the Σ∗0(1385)
[17, 18]. With the limited statistical power of the present
electroproduction data, it was not feasible to analyze
these data in a similar framework. Higher statistics data
would clearly be useful here.
We note that the best-fit masses found in this anal-
ysis, mlow0 and m
high
0 , are close to a number of model
predictions based on unitarized coupled channels mod-
els. Examples are the previously-quoted work of Jido
et al. [10], and also Oller and Meißner [9], Ikeda et al.
[12], [13], Guo and Oller [14], and Khemchandani et al.
[16]. Agreement is less good with the work of Mai and
Meissner [15] and the phenomenological photoproduction
analysis of Schumacher and Moriya [18]. Again, higher
statistics electroproduction data would clearly be useful.
To summarize, the Λ(1405) mass region in electro-
production studied in this work is poorly described by
a single Breit-Wigner distribution. Different fits have
been tried and the best is with two relativistic Breit-
Wigner functions, which supports the two-pole model
as discussed in chiral unitary models [11]. In addition,
the relative strength of two line shapes changes with Q2.
The progression suggests that at higher Q2, which corre-
sponds to more off-shell exchange kaons (see Fig. 1), it is
more likely to excite the higher mass pole of the Λ(1405)
structure relative to the lower pole. The mass distribu-
tion seen in this measurement also differs markedly from
what is seen in photoproduction at Q2 = 0 [17, 18]. The
present limited statistics makes more quantitative state-
ments difficult, but the existence of this phenomenon has
been established and encourages further exploration.
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